This paper presents an implementation of a comprehensive engineering approach to the analysis of the stability of vertical excavations in rock. This approach relies in the generation of discrete fracture systems to better capture the structural complexity of the rock mass. The resulting fracture system is consequently linked into a distinct element stress analysis. The particle flow code was selected as it potentially allows greater flexibility in representing a fracture system. In the first example a 3D fracture system was linked into a 2D PFC model. Although this has allowed for an improved quantification of stress structure interaction it necessitated important simplifications which may not be necessarily appropriate. These have been overcome by providing a complete integration of a 3D fracture system to a 3D PFC model. This will potentially lead into a design tool that adequately account for the stress structure interaction on the stability of vertical or near vertical excavations in hard rock. 
INTRODUCTION
It is recognized that the stability of excavations in rock is influenced by both geological structure and the stress regime. Although it is convenient to address stress and structure problems separately, this is not necessarily appropriate as these conditions tend to interact with each other. It follows that there are obvious advantages in using analytical tools that can integrate both structure and stress and thus provide more realistic tools that can investigate the stability of excavations. Implementing such a comprehensive approach has not been easy in the past due to issues associated with data availability, data visualization, model construction and computational problems.
This paper provides the framework for an integrated analysis of vertical excavations in hard rock. It addresses practical issues in constructing appropriate fracture and stress models necessary for investigating the stability of vertical or near vertical excavations in hard rock. Although vertical mining excavations are often grouped together there are important differences in the underlying design philosophy. The design of the main mine shaft for example, can be conservative given the important economic and operational ramifications of failure. Ventilation raises and ore passes do not receive the same level of attention. Ore pass problems in Canadian mine have been documented by . Ore pass systems, like other excavations are subject to stress loads and their stability is influenced by the presence of structure. Furthermore, they are also expected to maintain their structural integrity even when subject to impact loads, or wall wear as a result of material being transferred through. On the other hand, ventilation raises are less disturbed during operation.
Classification systems provide a useful means to investigate the stability of vertical excavations. Hadjigeorgiou et al. (2004) report that the Q system, Barton et al. (1974) , was used to establish a threshold to delineate stable and non-stable ore pass systems in Quebec mines, while McCracken and Stacey (1989) provide a more complete design methodology for raised bored excavations by extending the Q system. On the other hand, classification systems can only provide a preliminary estimate of the stability of a vertical raise and cannot really be used for comprehensive stability analysis. This has been a major motivation in working towards a more comprehensive strategy for investigating the stability of vertical excavations.
A CASE STUDY OF A VERTICAL RAISE IN THE CANADIAN SHIELD
A numerical case study is employed in order to illustrate the proposed integrated data representation and analysis techniques that can be used to investigate the stability of vertical excavations in rock. The same data set is used to provide a reference for the impact of the employed tools in the analysis and interpretation of the results. Although this is a numerical case study field data were drawn from a mine in northern Quebec.
A 30 m long vertical raise having a cross section of 2.1 m x 2.1 m was excavated in a relatively competent rock mass in the Canadian Shield. The raise was at a moderate depth and the induced stress state was estimated in the North-South direction: 35.5 MPa, East-West direction: 38.5 MPa and Vertical direction: 18 MPa. Available structural data identified three fracture sets with the properties summarized in Table 1 . In order to facilitate the analysis in the subsequent sections it was decided to keep the same fracture properties for all fracture sets (cohesion 0.4 MPa and friction angle of 40°).
Another assumption was that the fracture sets were relatively long with respect to the size of the excavation. In most site investigations this is the level of information that is available. In order to illustrate the developed concepts, it is necessary to have access to more data in order to undertake more comprehensive investigations. This involved the characterizing of the rock mass as a function of the total fracture surface area per volume of rock mass (P32) as defined by Dershowitz and Herda (1992) . Table 1 . Fracture sets characteristics.
STRUCTURAL CONTROLLED INSTABILITY

Traditional wedge analysis
In low to moderate stress environments it may be a reasonable assumption to ignore the influence of stress. This can be justified if there are clearly defined fracture sets that are of infinite length with respect to the size of the excavation. The intersection of fractures with the exposed excavation surfaces can result in the formation of discrete rock wedges. The stability of these exposed wedges is influenced by the geometry of the wedges, their deformability and their mechanical properties. There are several limit equilibrium software packages that facilitate a kinematic analysis investigating the creation of gravity driven wedge failures.
Software packages such as Unwedge, available from Rocscience (2003) are well suited to undertake both sensitivity and parametric investigations. This type of software identifies the maximum size tetrahedral wedge that can form under a given set of conditions assuming fractures of infinite length intersecting the excavation plane. There are two basic shortcomings in this type of analysis that can result in misleading interpretations. The first one is the limited representation of the rock mass structural complexity and the other is the inability to account for the stresses acting on the excavation. Grenon and Hadjigeorgiou (2003) , as well as Liu et al. (2004) illustrated that this approach cannot adequately establish the spatial distribution of wedges created along an exposed excavation surface. Other limiting assumptions include the simplification that fractures are planar and that rock wedges behave as rigid bodies that cannot deform. The influence of stress on the stability of the excavation is only considered as a clamping force Curran et al. (2004) .
Fracture system models
Although recent years have seen a subtle change in the vocabulary used to define fracture systems the basic objective remains the generation of simulated fractures that accurately represent the salient characteristics of a population of fractures sampled in a particular rock mass. The fundamentals of fracture systems have been explained by Dershowitz and Einstein (1988) and more recently by Staub et al. (2002) . Although early applications of fracture systems focused on applications in hydrogeology there have been documented applications in hard rock mines such as drift and stope stability, Grenon and Hadjigeorgiou (2003) .
Examples on the use of fracture systems in the stability of vertical or near vertical excavations has been provided by Stacey et al. (2005) and more recently by Hadjigeorgiou and Grenon (2005) . Both approaches rely on the generation of a fracture system to establish the number of potentially unstable generated wedges along the walls of an excavation. The stability of individual wedges can subsequently be established based on limit equilibrium analysis. This approach can provide a series of distributions describing wedge size, number of unstable wedges, etc. It is then possible to overcome limitations of traditional wedge analysis where fractures were assumed to be of infinite length and ubiquitous.
3.2.1 Structural stability of a raise in a fracture system In order to illustrate the application of fracture systems in investigating the stability of a vertical raise, we employed the example described in section 2.0. A fracture system model was generated for a 50 m x 50 m x 50 m rock mass using the full set of available structural data reported in Table  1 . In this work the Veneziano model, described in Dershowitz and Einstein (1988) , was used to generate 405 discrete fractures, Fig. 1 .
A relatively large model size (50 m x 50 m x 50 m) was selected in order to minimize boundary truncation-errors that would be an issue when the generated rock mass fracture system would be further analyzed. Use of the Veneziano model resulted in fractures defined as polygons. Furthermore in the Veneziano model a fracture plane can terminate in another fracture, and defined as coplanar.
It should be reiterated that since fracture system models are based on stochastic generation a resulting fracture system is only one of many possible systems. It is recognized that in a comprehensive analysis a series of simulations would be undertaken in order to establish the range of possible fracture systems for any given set of data. This was not undertaken in this work as the main objective was to explore the full integration of 3D fracture systems into numerical stress analysis packages. Table 1. 3.2.2 Results of structural stability of the underground raise Once an acceptable fracture system was generated, a vertical excavation (2.1 x 2.1 x 30 m raise) was constructed in the rock mass model. As the rock mass was fractured, the introduction of the raise exposed a number of rock wedges along the excavation walls, Fig. 2 . An in house software package allowed the visualization and tracking of all created rock wedges. There were 15 rock wedges formed along the 4 sides of the excavation. Fig. 2 displays the rock wedges formed along the North and West sides of the raise. The bigger wedge was approximately 3.2 m 3 and was created on the side wall facing north while the smallest wedge was 0.005 m 3 on the opposite wall.
A limit equilibrium analysis was used to determine the stability condition of all individual wedges daylighting into the excavation, assuming that all fractures had an angle of friction equal to 40° and cohesion of 400 kPa. Of the 15 wedges were formed along the raise walls, 5 were defined as unstable. The unstable wedges were along the north face of the excavation, sliding along fracture set 2 (47°/178°). Table 2 summarizes the number of wedges along each wall, and their maximum and minimum volumes. Table 2 . Number and size of wedges on sidewalls of the raise. Use of fracture systems in defining a rock mass is arguably more realistic than traditional representations. The limit equilibrium stability analysis assumed that intersecting fractures resulted in tetrahedral wedges. Although this is typical of what is encountered in the field, it is possible that more complex shaped wedges can potentially form. Furthermore, it is possible that generated large rock wedges can engulf smaller wedges. In this example, only the stability of the large kinematically feasible wedges was investigated, ignoring the influence of smaller wedges within a larger wedge. This reasonable simplification can be misleading as failure of smaller wedges can potentially trigger the unraveling of the surrounding rock mass. This is an area where the use of rock support may be very beneficial by preventing the unraveling of the rock mass. Finally, the preceding analysis did not consider the influence of the surrounding stress regime.
STRESS MODELLING
The influence of stress on the stability of an underground raise can be addressed by any number of stress analysis packages. Although it is possible to accommodate the effect of major rock structures in a stress model, there are still important limitations on how to best introduce and interpret fault or fracture behavior. Grenon et al. (2001) provide an early example of linking a fracture system to a stress analysis package. In that work a generated fracture system was linked to a distinct element package (UDEC). Although that approach was successful it was limited as in UDEC it is not possible to represent fractures terminating into intact rock. Other examples of linking fracture system to numerical packages are reported by Staub et al. (2002) linking fracture system to UDEC. report on extracting 2D trace sections from a 3D fracture model for the Äspö ZEDEX tunnel and integrating them in a 2D PFC model. Pine et al. (2006) used a similar approach to introduce 2D traces from a 3D fracture system representing a mine pillar into a 2D hybrid model (ELFEN). In investigating the stability of a ventilation raise, Hadjigeorgiou et al. (2007) linked a fracture system model to a 2D PFC model.
The particle flow code uses on the distinct element method (DEM). The code is of interest in that it models the behavior of distinct circular particles (2D) and spherical particles (3D) that move independently interacting only at the contacts. The PFC can be used to construct synthetic materials by bonding individual particles together. An often cited advantage of the PFC over other traditional numerical codes is that the behavior of the rock mass does not have to be defined a priori by the user. On the other hand a calibration process is required to establish the mechanical properties of intact rock and fractures.
Identification of longitudinal section planes
The original choice of a PFC 2D model was dictated by time constraints in generating, running and calibrating a 3D PFC model. This gain in computational time, however, necessitated a series of simplifying assumptions on the representation of a 3D rock mass generated by the fracture system into a 2D PFC model. This was addressed by generating longitudinal sections intersecting the 3D generated rock mass, Fig. 3 . In all, 6 longitudinal section planes were used, with sections 2 and 5 intersecting the centre of the raise. The remaining was spaced at 0.5 m across each side of the centre section. This has allowed tracing the defined wedges shown in Fig. 2 , along the intersecting planes, Fig. 3 .
It is recognised that the spacing of the planes is of consequence. Depending on its size, a structurally defined wedge can potentially be intercepted by more than one plane. The 2D shape and dimensions of every wedge created by the fracture system was transposed on each plane. Consequently a PFC2D model was constructed that included all 2D wedges traced along any of the six selected planes. 
Rock mass simulation in PFC2D
4.2.1 Simulation of intact rock and fracture properties A major challenge in using a synthetic model material is selecting the necessary micromechanical parameters of particles and bonds that result in representative intact rock properties. Several combinations of different micro-mechanical properties can result in similar macroscopic mechanical properties. In order to reproduce the mechanical properties of a solid material (intact rock), an iterative process was employed, as suggested by Potyondy and Cundall (2004) . This involved selecting a particle size and then trying to match an appropriate macro property, such as the elastic modulus. The first stage, in the iteration process, is matching the desired elastic modulus at the macro level. The elastic modulus is controlled by particle contact modulus , particle normal/shear stiffness ( ⁄ ), parallel bond modulus � and bond normal/shear stiffness ( � � ⁄ ). The second macro property to be established is the Poisson's ratio of the PFC material. This is influenced by the particle normal/shear stiffness ( ⁄ ) and bond normal/shear stiffness ( � � ⁄ ) ratios. The final parameter that is calibrated is the uniaxial strength of the intact rock. These are controlled by the average normal and shear strengths of the particle bonds.
The PFC2D (V-3.0) code was used to simulate a series of uniaxial compressive tests in order to select the appropriate micromechanical properties. After a series of iterations the intact rock properties summarized in Table 3 were derived based on the micro-properties listed in Table 4 . Table 3 . Mechanical properties of intact rock. Table 4 . Micro-properties used to represent intact rock in PFC2D.
The strength of an in-situ rock mass is influenced by the mechanical properties of its fracture network. In a PFC model, fractures can be defined as planes along which clusters of particles can slide. In defining fractures that form wedges in PFC it is necessary to assign a series of mechanical properties, which can be different, to all particles that situated on opposite sides of a fracture plane. In this case study the ordinary contact model was applied to all particles in the model, and zero bond strengths were assumed across the fracture planes. This implied that particles adjacent to a fracture planes were assigned zero friction coefficients. Normal and shear stiffness values for particles along a joint plane were set to one-fifth of the values assigned to particle contacts in the intact portion of assembly. The particles along fracture planes were bonded to the next layer of particles, on each side of the fracture plane by bonds that were 10% weaker than the bond strengths in the intact portion of the particle assembly. The undertaken procedure followed the methodology proposed by Wang et al. (2003) where the mechanical properties of fractures were determined using direct shear test simulations in PFC models. In the present case study the peak and residual shear strengths were determined for normal stresses of 0.1, 0.3, 0.45, and 0.75 MPa. This has resulted in a failure criterion defined by cohesion of 0.4 MPa and an angle of friction of 40°. These were the same mechanical properties used in the limit equilibrium analysis.
Particle assembly generation
The synthetic rock mass created in the PFC model was transferred along the six longitudinal planes illustrated in Fig. 3 . This involved the generation of six rectangular particle assemblies, each 11 m wide and 30 m long. Each assembly was populated by 75087 particles of varying radii. Fig. 4 provides a section of the assembly prior to introducing the excavation. In all 7 groups of particles were used, at all times maintaining the ratio of maximum to minimum radius at 1.66. The smaller particles of radius of R min = 15 mm were generated in the adjacent walls of excavation and the bigger particles (radius of R min = 57 mm) were generated away from the excavation. Large particles inhibit rock wedges from sliding along fracture planes, due to the inherent waviness of any plane (fracture) created by circular particles. Larger particles also result in fracture planes of higher degree of joint roughness. In order to limit this discrepancy finer particles were used along the excavation surfaces. 
Installation of in-situ stress
As indicated before the raise was located at a moderate depth in the following stress field NorthSouth (North-South: σ xx = 35.5 MPa, σ yy = 18 MPa) and East-West (East-West: σ xx = 38.5 MPa and σ yy = 18 MPa). The stress was applied using a stress installation routine developed by Itasca.
Linking a 2D PFC model to a fracture system
The 3D fracture system was used to extract 2D traces and introduce them to the PFC2D synthetic rock mass. For each plane section the traces of fractures that formed wedges on the side walls were introduced to its related particle assembly. Then the mechanical properties of fractures defined during the calibration stage were assigned to the fracture traces in the model. Consequently, gravity was applied to the particle assembly and the raise was excavated by deleting all particles in the area of the raise. Fig. 5 illustrates the resulting wedges along plane 2 (North-South) and plane 5 in the East-West direction. 
2D PFC stability analysis
At the present time there are no comprehensive quantitative criteria to define the stability of a wedge based on the results of PFC modeling. Consequently, the authors used the same approach as by Wang et al. (2003) where the stability was interpreted based on the presence of an ''unstable" area defined by displacement vectors. Fig. 6 provides an example of both a stable and an unstable wedge both daylighting into the excavation. It is also possible to establish the direction of movement based on the orientation and magnitude of the displacement vectors. Although this approach seemed satisfactory for the purposes of this work there is clearly much more work that has to be undertaken in developing better quantitative criteria that can be used with PFC. Fig. 7 provides a sequential illustration of the unstable wedge in plane 2. In fact, PFCD2D provides an interesting visualization option where you can create a ''movie" of the displacement history of wedges.
PFC2D was used to investigate the stability of all defined wedges in the six longitudinal sections, Table 5 . All wedge failures were by sliding along fracture set J2 in the North wall of the excavation. A Pentium 4-3.3 GHz computer was used for this analysis. The running time for each of the six longitudinal sections, for 2000,000 cycles, was about 70 hours.
This hybrid 3D fracture system and 2D PFC model approach required several assumptions that may not necessarily be always justifiable, including the assumption that only tetrahedral wedges are formed along the excavation. These assumptions can invariably influence the results of any stability analysis. It follows that there are obvious advantages in developing an efficient way to integrate a 3D fracture system to a PFC3D model. 
A MORE REALISTIC 3D FRACTURE SYSTEM -PFC MODEL
The use of a 3D model has several important technical and data visualization advantages. These include more accurate representation of rock wedges but also of the interaction between a 3D stress regime and the defined discontinuous structures in a rock mass. Some of the earlier efforts to link fracture systems with 3D stress analysis packages have been reported by Kulatilake et al. (2004) and Olofsson and Fredriksson (2005) . In both cases they used a 3D fracture system which they subsequently linked to a 3D distinct element model (3DEC) developed by Itasca (1999) . In order to overcome computational limitations Kulatilake et al. (2004) limited the maximum number of fractures linked to the 3DEC model to 16. This small number of fractures was out of 8100 fractures generated in 3D fracture system model for a 30 m cube. Furthermore, in order to be able to discretize the domain into polyhedral, as required by 3DEC, it was necessary to introduce fictitious joints in the generated rock mass. These fictitious fractures were used in tandem with the defined fractures. Although this was a clever way to overcome inherent software limitations this approach cannot be considered adequate. A different approach to overcome the same problem was followed by Olofsson and Fredriksson (2005) , by extracting fracture traces and representing them in 2D sections. These trace data were then used as input data in a 3DEC model which was loaded in plain strain. It can be argued that neither of these approaches provide for a true 3D link between fracture system models and stress analysis packages.
The present work took advantage of recent developments in PFC3D (version 4) developed by Itasca (2007) . The same 3D fracture system described in the first part of the paper was coupled to a 3D PFC model. This has overcome all the problems associated with transforming 3D wedges into 2D planes.
Synthetic rock mass generation
Synthetic rock mass models can be generated by linking the intact assembly of particles with a series of smooth joints defined by a fracture system. This has the practical implication that the PFC rock mass is broken into clusters of intact particles. This was achieved by following the same procedure as in PFC2D where the mechanical properties of intact rock and fractures were simulated. Table 6 summarizes the micro-properties of the intact rock simulation used in the PFC3D model to reproduce the mechanical properties of intact rock listed in Table 4 . Table 6 . Micro-properties used to represent intact rock in PFC3D.
The mechanical properties of fractures in the PFC3D model were simulated using the recently developed ''Smooth Joint Function" in PFC. This smooth joint model simulates the behavior of an interface regardless of local particle contact orientations along the interface, Pierce et al. (2007) . Particles that fall along opposite side of a smooth joint plane can overlap to insure particles sliding along the joint plane rather than forcing particles to move around one another as indicated in Fig. 8 from Itasca. In order to allow for a comparison of both the limit equilibrium and the PFC2D results it was decided to assign the same mechanical properties to the fractures (cohesion 0.4 MPa and friction angle 40°) as before. This necessitated the simulation of a series of triaxial tests in PFC3D model. Each test used a synthetic rock mass having a predefined fracture plane at different inclinations (45°, 50°, 55°, and 60°). Fig. 9 illustrates the example of a synthetic rock having a 45° fracture plane at a confinement of 1 MPa. At each trial the axial stress initiating sliding along the joint surface was recorded. In this example, no bonds were assigned to the particles across the fracture surface. Particles directly adjacent to a fracture were assigned a friction coefficient of 0.3. Normal and shear stiffness of particles along the fracture surfaces were 2.8 x 10 13 N/m 3 and 2.0 x 10 13 N/m 3 , respectively. This configuration facilitated the generation of the desired macro-mechanical properties of the fractures. Fig. 9 . Triaxial test for a joint inclined at 45°.
Particle assembly generation and in-situ stress installation
A 3D PFC rock mass of 12 m x 12 m x 30 m size was constructed using the micro-mechanical properties listed in Table 6 . In all 131625 spherical particles were generated. In order to decrease the number of particles in the model and reduce the running time for the model smaller particles were generated near the excavation and larger particles further away from the excavation walls. This resulted in four different zones populated by particles of different size radii, Table 7 . The same stresses as previously were applied to the rock mass. In Fig. 10 the Y-axis represents the north. Table 7 . Particle size distribution in the different zones of the rock mass model. Fig. 10 . Applied stresses on the bonded particle assembly model (12 x 12 x 30 m).
Linking a 3D fracture system model to PFC3D
The employed fracture system, using the Veneziano model, resulted in the generation of polygonal shaped fractures. This was somewhat problematic, given that in PFC3D fractures are defined as disks generated around a center point and a defined radius. In order to facilitate the integration of the fracture system and PFC model, it was necessary to approximate the shape of fractures generated using the Veneziano model as disks, using the fracture's center point and its equivalent radius. This is a reasonable approximation for all practical purposes. Fig. 11 illustrates the three fracture sets introduced in the PFC3D rock mass model. In all 156 fractures were introduced to the PFC3D model resulting in the coupled system of Fig. 12 . This fracture tessellation of the bonded particle model resulted in 2535 discrete clusters within the generated rock mass, Fig. 12 .
In a PFC model only contact forces and particle displacements are computed. These quantities are useful when studying the material behavior on a micro-scale, but they can not be used in a continuum model interpretation. As stress is a continuum quantity, averaging procedures are used to make the step from micro-scale to a continuum. Measurement circles (2D) or spheres (3D) are used to quantify the magnitude of stress within the specified measurement area or volume. Fig. 13 presents the integration of stress and structure in 3D model showing contact force distribution in the cross section of model and stress states in three zones of synthetic rock mass. Stress magnitudes in three measuring spheres of 4 m of diameter are: (Measuring sphere #1: σ xx = 34.7 MPa, σ yy = 37.5 M-Pa, σ zz = 18.3 MPa; Measuring sphere #2: σ xx = 35.9 MPa, σ yy = 38.6 MPa, σ zz = 19.3 MPa; Measuring sphere #3: σ xx = 34 MPa, σ yy = 37 MPa, σ zz = 18 MPa.
Having established a representative rock mass, every particle was assigned a gravitational acceleration force. The final step in this procedure was the introduction of the raise in the rock mass, accomplished by deleting the particles that fall within the raise location in the model. 
PFC3D stability analysis
Once the excavation was introduced in the PFC3D generated rock mass the individual particles were allowed to move. This has resulted in the creation of rock wedges by clusters of bonded particles. As before the model was allowed to run over 2000,000 cycles observing the generated wedges. It took 375 hours, to run 2000,000 cycles in the PFC3D model.
In the particle flow codes, damage is defined as particle bonds that break under load. Any series of particles, with broken bonds, can result in the creation of macroscopic fractures in the intact rock. Particle size influences both the damage mechanism and model resolution.
In the present work there was no intact rock damage associated with bond breakage. The intact rock was quite competent, and the raise was located in a low to medium stress environment. In this numerical experiment the observed failure mechanisms were sliding along fracture planes and fall of rock blocks (wedges) towards or into the raise excavation.
This process provided a valuable insight into the mechanics of the stability of the raise by visualizing any wedges that move. Recognizing and defining all wedges is a difficult task. Although it can be facilitated by using smaller particles near the excavation walls to provide more resolution this would have an adverse impact on the required computational time. The failure mechanisms in the model are illustrated in Fig. 14 where an unstable wedge formed in the north wall of the raise and in Fig. 15 where a stable wedge is situated in the east wall of the raise. The authors are currently working towards a more quantifiable approach to complement any visual assessments.
The PFC3D model has allowed a better insight into the mechanisms of the interaction of smaller and larger wedges. It was possible to visualize the resulting wedge displacements triggered by the movement of smaller wedges. It was also possible to visualize sliding and gravity fall wedge failure, Fig. 16 . Using a longitudinal section in the north south direction, as used for Section 2 in the PFC2D model (Fig. 5) it was possible to identify three unstable wedges, two failing by gravity fall and the other by sliding. The results of the stability analysis using a 3D fracture system integrated into a PFC3D model are summarized in Table 8 . In the 3D model the minimum ball radius was selected based on the minimum wedge size, indicated in Table 2 (0.005 m 3 ). To detect the rock wedges in the PFC models as cluster of particles the minimum ball size must be chosen smaller than the minimum wedge size. In the present work the minimum ball size in PFC3D model is 85 mm that has a volume of 0.0025 m 3 . Therefore, the minimum ball volume is about two times smaller than the minimum wedge volume (0.0025 m 3 versus 0.005 m 3 ). However due to porosity between particles and particle size distribution wedges smaller than 0.02 m 3 could not be detected. It is interesting to note that, based on the available structural data; the model predicts that there will be more problems along the north wall of the excavation. The next step in this investigation looked into comparing the results obtained by the three approaches. The first approach used a 3D fracture system and a limit equilibrium structural analysis. The second was a hybrid approach where traces from the 3D fracture system were introduced in the PFC2D model. Finally the last approach used the integrated 3D fracture system with the PFC3D model. The results of this comparison are summarized in Table 9 . It is important to note that in this case study the integrated 3D model suggested a much greater potential for instability than the PFC2D analysis. This is explained by the fact that the 2D PFC model required that 3D structural data were transposed upon a 2D plane. As indicated this does not take into account the true shape of wedges as they are represented by apparent as opposed to real dip potentially resulting in shallower dip angles. This results in more stable wedge geometries. The number and spacing of planes also influenced the results of a 2D PFC analysis as well as the fact that fracture surfaces introduced in PFC2D were not smooth. The 3D analysis also took into consideration the progressive instability as a result of smaller wedges engulfed in larger wedges. This is another plausible explanation for the greater number of unstable wedges predicted by the PFC3D analysis. Table 8 . Stability analysis using the PFC3D model. Table 9 . Comparison of the stability condition of the wedges.
CONCLUSIONS
Fracture systems provide a more holistic approach in investigating the stability of underground excavations that can be attained by using a particular wedge. Applying limit equilibrium analyses on all wedges formed on the sides of an excavation is arguably more appropriate than focusing on one wedge. This has been demonstrated by Hadjigeorgiou and Grenon (2005) .
The next challenge is to link a comprehensive fracture system to a stress analysis package. This has been problematic in the past as it has been difficult to maintain the structural complexity of a model and successfully link it with a stress analysis package.
The use of a PFC code in tandem with a fracture system allows for a better insight on the interaction of structure and stress. Furthermore, it is possible to consider the structurally defined wedges are deformable. Finally, it was possible to visualize both gravity fall and sliding of unstable wedges. This approach, however, has its own limitations. As fracture system models are based on stochastically generation of fractures then a number of simulations must be undertaken to account for the inherent variability of the rock mass associated with the probability of fracture intersections. Another concern was the necessary time of execution. This was the reason that the authors linked the fracture system to a 2D PFC model.
The use of 2D model, as opposed to the 3D model, necessitated several simplifications on the way 3D wedges can be transposed upon a 2D plane. This is in itself problematic as it can not take into account the shape of wedges. In practice any transposed wedges are represented by apparent, as opposed to real dip, potentially resulting in shallower dip angles. This can result to more stable wedge geometries. Moreover the number and spacing of the longitudinal planes will be of influence on the results of the PFC2D analysis.
Another concern is the inherent waviness of fractures generated by particles. Although small diameter particles were used to define fracture planes in the PFC2D model there is an inherent waviness along the fracture planes which may influence the results of the wedge stability analysis.
Although these limitations were overcome using the PFC3D model, computation time is till a concern for routine stability investigations. This paper demonstrated that it is possible to provide a complete 3D approach in investigating the stability of vertical excavations in hard rock. This has drawn from experience in 3D fracture systems and the use of the particle flow code both in 2D and 3D.
